Choline and C1 metabolism pathways intersect at the formation of methionine from homocysteine. Hepatic S-adenosylmethionine (AdoMet) concentrations are decreased in animals ingesting diets deficient in choline, and it has been suggested that this occurs because the availability of methionine limits AdoMet synthesis. If the above hypothesis is correct, changes in hepatic AdoMet concentrations should relate in some consistent manner to changes in hepatic metbionine concentrations. Rats were fed on a choline-deficient or control diet for 1-42 days. Hepatic choline concentrations in control animals were 105 nmol/g, and decreased to 5000 of control after the first 7 days on the choline-deficient diet. Hepatic methionine concentrations decreased by less than 20 0, with most of this decrease occurring between days 3 and 7 of choline deficiency. Hepatic AdoMet concentrations decreased by 25 during the first week, and continued to decrease (in total, by over 60 %) during each subsequent week during which animals consumed a cholinedeficient diet. Hepatic S-adenosylhomocysteine (AdoHcy) concentrations increased by 50 when animals consumed a choline-deficient diet. AdoHcy is formed when AdoMet is utilized as a methyl donor. In summary, choline deficiency can deplete hepatic stores of AdoMet under dietary conditions that only minimally decrease the availability of methionine within liver. Thus decreased availability of methionine may not have been the only mechanism whereby choline deficiency lowers hepatic AdoMet concentrations. We suggest that increased utilization of AdoMet might also have occurred.
INTRODUCTION
Choline is an essential nutrient for many mammals, and ingestion of a diet deficient in choline has major consequences, including fatty infiltration of the liver, renal dysfunction, and increased sensitivity to carcinogens [1] [2] [3] [4] [5] [6] [7] [8] [9] . Choline is a precursor for the biosynthesis of phosphatidylcholine, sphingomyelin and choline plasmalogens (all essential constituents of membranes) and for acetylcholine, an important neurotransmitter [1] . It is also a major dietary source of methyl groups.
Choline and Cl metabolism pathways intersect at the formation of methionine from homocysteine ( [10] [11] [12] ; Fig. 1 ). Methionine is regenerated from homocysteine in a reaction catalysed by betaine-homocysteine methyltransferase (EC 2.1.1.5), in which betaine, a metabolite of choline, serves as the methyl donor [12, 13] . The only alternative mechanism for regeneration of methionine is via a reaction catalysed by 5-methyltetrahydrofolatehomocysteine methyltransferase (EC 2.1.1.13), which uses a methyl group generated de novo from the C1 pool [12] [13] [14] . Methionine is converted into S-adenosylmethionine (AdoMet) in a reaction catalysed by methionine adenosyltransferase (EC 2.5.1.6). AdoMet is the active methylating agent for many enzymic methylations [14] .
Hepatic AdoMet concentrations are decreased in animals ingesting diets deficient in choline [15] [16] [17] [18] [19] . It has been suggested that AdoMet concentrations fall because methionine is not available [12, 19] . Limited amounts of methionine are synthesized during choline deficiency because the 5-methyltetrahydrofolate-homocysteine methyltransferase pathway cannot fulfil the total requirement for methionine when the betaine-dependent remethylation of homocysteine is limited by the availability of betaine [12, 19] . Betaine concentrations in livers of choline-deficient rats are markedly diminished [11, 12, 20] .
If the only reason why choline deficiency depletes hepatic AdoMet is that methionine is not available, methionine concentrations in liver should decrease before AdoMet concentrations. In addition, changes in the availability of methionine should relate in some consistent manner to changes in hepatic AdoMet. To determine whether this is the case, we characterized the time course of changes in hepatic methionine, AdoMet, S-adenosylhomocysteine (AdoHcy), and choline in rats fed on a choline-deficient or control diet for various intervals from 1 [15] . Protein in liver homogenates was precipated with trichloroacetic acid, and the supernatant was washed three times with peroxide-free ether and filtered (0.45 ,tm-pore microfilter; Schleicher and Schuell). A portion was applied to a reverse-phase h.p.l.c. column (Supelguard LC-18 guard column: S ,ttm, 4.6 mm x 20 mm; Supelco, Bellefonte, PA, U.S.A.) in series with a Microsorb C-18 column (5 ,um, 4.6 mm x 250 mm; Rainin Instruments, Woburn, MA, U.S.A.) by using the h.p.l.c. system described above. Column temperature was maintained at 55°C with a heater (Eldex Laboratories). AdoHcy and AdoMet were eluted with a stepped-linear binary gradient consisting of buffer A (5 mM-heptanesulphonic acid, adjusted to pH 3.5 with acetic acid) and solution B (1000 h.p.l.c.-grade methanol) (0-3 min at 10% B; 3-13 min changed from 100 to 500 B; 13-13.5 min changed from 500 to 1000% B; 13.5-16min held at 1000% B; 16-16.5min changed from 1000 to 100 B; and 16.5-20 min held at 100 B). Flow rate was 2 ml/min. Absorbance was monitored at 254 nm. Peak areas were calculated by using authentic external standards (Sigma), with recovery corrected by using an internal standard of S-adenosylethionine (a compound not normally found in liver; Sigma). Determination of hepatic choline Liver was extracted with 15 '>% (v/v) 1 M-formic acid in acetone, and choline was isolated from the resulting supernatant by ion-pair extraction with dipicrylamine into dichloromethane [23] . Choline was then converted into the propionyl ester, and was demethylated with sodium benzenethiolate [24] [25] . The entire aqueous phase of tissue extract was used to separate the hydrophilic metabolites of choline in accordance with a modification of the method of Liscovitch et al. [26] . ). The column was equilibrated for 6 min at a flow rate of 1.5 ml/min in 1000 A. After the injection, buffer A was delivered for 6 min, which eluted betaine from the column. Over a period of 10 min, solvents were switched to 1000% B by using a concave gradient (Perkin-Elmer Series 4, curve 3). This solvent mixture was maintained for 10 min. The initial conditions were restored (1000 A) over 1 min by using a linear gradient. Fractions were collected which corresponded to the peak of radioactivity detected with an online radioactivity monitor (LB506C; Berthold, Nashua, NH, U.S.A. [28] .
Data are expressed as means+S.E.M.
RESULTS
Choline-deficient and control animals gained identical amounts of weight during the study. Liver protein was Rats were fed on a control or a choline-deficient diet for up to 42 days, and liver was collected as described in Fig. 2 Fig. 3 ). Animals fed on the control diet had constant hepatic AdoMet concentrations. Hepatic AdoHcy concentrations increased by 5000 when animals consumed a choline-deficient diet, (from 29.8 + 1.3 nmol/g on day 0, to 39.1 + 1.5 nmol/g on day 7, to 45.3 + 1.6 nmol/g on day 42; Fig. 3 ). Animals fed on the control diet had relatively constant hepatic AdoHcy concentrations.
Hepatic betaine concentrations were measured on day 14.!They were 0.9+0.2,tmol/g in animals which consumed a choline-cdficien.t diet, and 2.7 + 0.7 /tmol/g in animals fed on the control diet (P < 0.05 by t test).
DISCUSSION
We have characterized changes in the liver over a 42-day period of choline deficiency. Our choline-deficient diet contained sufficient methionine (0.35 %) so as to avoid the severe toxicity that has been reported in rats deficient in both choline and methionine. Our diet did deplete choline stores, as hepatic choline concentrations decrease to 500 of normal within 1 week on a cholinedeficient diet (Fig. 2) . Though there are some data available about methyl pools during choline deficiency [11, 12, 15, 16, 19, 29] , this is the first study making measurements of methionine and AdoMet at many time points. For this reason our data make it easier to appreciate the development of changes in these pools as choline deficiency progresses. We found that, during ingestion of a choline-deficient diet, hepatic AdoMet concentrations descreased far more than did hepatic free methionine concentrations (Fig. 3) . The fall in AdoMet concentrations occurred before any changes in free methionine concentrations. Even if it is argued that the amount of methionine available for AdoMet synthesis would have been more accurately reflected by the sum of methionine, AdoMet and AdoHcy concentrations (Xmethionine; Fig.  3 ), we calculate that choline deficiency resulted in only a 25 00 decrease in available methionine. For these reasons we suggest that choline deficiency did not result in a 600 decrease in AdoMet simply because methionine availability had become limiting, so there must be additional mechanisms contributing to this decrease.
Finkelstein et al. [12] , studying rats that were fed on a 0.3 00-methionine diet for 4 days, observed that choline deficiency was associated with a 27-330% fall in both methionine and AdoMet concentrations, as well as with a marked diminution in hepatic betaine concentrations. From this observation, it was concluded that the availability of methionine limited AdoMet synthesis during choline deficiency because the 5-methyltetrahydrofolatehomocysteine methyltransferase reaction alone could not meet the total requirement for methionine, and the betaine-dependent remethylation of homocysteine was limited by the availability of betaine [12] . If this hypothesis is correct, choline-deficiency-mediated methionine depletion should always precede and be greater than AdoMet depletion.
We supplied more methionine than did Finkelstein et al. [12] [30, 31] . The a form has a low Km for methionine (40 /tM), whereas that for the / form is higher (200 /tM) [31] .
Our observed hepatic methionine concentrations varied from 50 /M on day 0 to 40 /M on days 14-42. Thus, for both isoenzymes, endogenous methionine concentrations are such that small changes in the availability of substrate might result in large changes in the formation of AdoMet. This might explain how a 200 decrease in methionine concentration could result in a 600 decrease in AdoMet concentration. However, it does not explain why AdoMet concentrations decreased at a time before any observed decrease in methionine (days 0-3), or why AdoMet continued to decrease during a period when methionine increased slightly (days 7-42). It is possible that changes in the relative proportions of oc and /8 isoenzymes of methionine adenosyltransferase might have occurred such that the lower affinity form predominated, resulting in decreased AdoMet synthesis despite constant availability of methionine. Excess dietary methionine intake is associated with an increase in a isoenzyme activity, and does not change the /3 isoenzyme activity [32] . No measurements of isoenzymes of methionine adenosyltransferase have been made during choline deficiency.
We suggest an alternative hypothesis, that choline deficiency resulted in an increased utilization of AdoMet. Choline deficiency increases the requirement for phosphatidylcholine synthesis via the sequential methylation of phosphatidylethanolamine [33] [34] [35] . The enzyme catalysing these reactions, phosphatidylethanolamine Nmethyltransferase (EC 2.1.1.17), uses AdoMet as the methyl donor [35, 36] , and choline deficiency does increase the utilization of AdoMet for phosphatidylcholine synthesis [33, 37, 38] . This depletes limited stores of AdoMet in the liver, which in turn acts to limit the amount of phosphatidylcholine that can be formed by this pathway during choline deficiency [39, 40] . We observed accumulation of AdoHcy, suggesting that the rate of AdoHcy formation (AdoMet utilization) was increased relative to the rate of AdoHcy hydrolysis. This is consistent with an increased rate of AdoMet utilization during choline deficiency. AdoHcy is normally hydrolysed-to form homocysteine [41] . As AdoHcy hydrolase catalyses a reversible reaction, it is possible that the increase in hepatic AdoHcy concentrations that we observed occurred secondary to an increase in the availability of homocysteine. Homocysteine might accumulate if betaine were not available as a substrate for betainehomocysteine methyltransferase. We observed that betaine concentrations decreased in livers from animals fed on choline-deficient diet for 14 days. However, Svardal and colleagues [19] observed that homocysteine concentrations did not increase in the livers of rats fed on choline-deficient diet for 10 days, while during the same period AdoHcy concentrations did rise. Thus we suggest that increased formation of AdoHcy from homocysteine probably did not occur in our experiment, and that AdoHcy concentrations can be used as an indirect marker of AdoMet utilization.
In summary, we found that choline deficiency can deplete hepatic stores of AdoMet under dietary conditions which only minimally decrease the availability of methionine within liver. Thus decreased availability of methionine could not have been the only mechanism whereby choline deficiency lowered hepatic AdoMet concentrations. We suggest that increased utilization of AdoMet must also have occurred.
